Distinct computations are performed at multiple brain regions during encoding of the spatial environments. Neural representations in the hippocampal, entorhinal and head direction (HD) networks during spatial navigation have been clearly documented, while the representational properties of the Subicular Complex (SC) network is rather unexplored, even though it has extensive anatomical connections with various brain regions involved in spatial information processing. Here, we report a global cue controlled highly coherent representation of the cue-conflict environment in the SC network, along with strong coupling between HD cells and Spatial cells. We propose that the attractor dynamics in the SC network might play a critical role in orientation of the spatial representations, thus providing a "reference map" of the environment for further processing at other networks.
Introduction
The Subicular Complex (SC), consisting of the Subiculum (SUB), Presubiculum (PrS) and Parasubiculum (PaS) regions, is strategically located between the hippocampus and the entorhinal cortex (EC), and has extensive anatomical connections with various cortical and sub-cortical areas of the brain (1) . Previous studies have reported the spatial and directional correlates of neuronal firing in the SC, such as the place cells (2) (3) (4) (5) , head direction (HD) cells (6, 7) , border cells (8) and grid cells (7) , and their response to environmental manipulations (9) (10) (11) (12) .
The hippocampal and parahippocampal networks play a critical role during spatial navigation by encoding the salient features of the environment. In dynamically changing environments, distinct neural representations have been reported in specific regions of this network because of their intrinsic connectivity and anatomical inputs to them. The hippocampal place cell representations are governed by both the global and local cues of the environment (13) (14) (15) , while a clear dissociation of global vs. local cue control of neural representations has been reported in the EC (16) . In contrast, the anterior thalamus (ADN) HD network display global cue controlled highly coherent representations (10, 15) . However, the nature of representation of space in the subicular complex (SC) network under these conditions still remain unclear.
Results
To understand the representational properties of the SC in dynamically changing environments we conducted in vivo neurophysiological study by simultaneously recording the neural activity from all regions of the SC. Figure 1 A to C shows representative examples of tetrode localizations in SUB, PrS and PaS, respectively. In most of the experimental days, the cells were simultaneously recorded from a minimum of two regions of the SC (Fig. 1 D) .
Each day after the last recording session on track, a circular platform was placed on top of the track in the same room and a single recording session of 10 min duration was carried out to identify the cell type. Mean vector length, grid score and border score was calculated for each cell ( Fig. 1 E) and categorised as either a border cell, grid cell or a head direction (HD) cell based on the threshold value obtained through data shuffling (Fig. 1 F) . The remaining cells were classified as place cells provided their spatial information score was found to be significant (p < 0.05) in any of the track sessions recorded. Representative examples of a place, border, grid cell (Spatial cells) and HD cell based on this categorisation is shown in Fig.1 G to J.
We have recorded a total of 338 cells in different regions of the SC from 5 rats while they ran clock-wise (CW) on a textured circular track (the local cues) in presence of the global cues following a well-established experimental paradigm (13) (14) (15) (16) (17) (Fig. 2 A) . Representative examples of HD cell tuning curves, firing patterns of spatial cells recorded from different rats across standard (STD) and mismatch (MIS) sessions within a day are shown in We quantified the amount of rotation of the cells in STD vs. STD and STD vs. MIS sessions by measuring the Pearson's product-moment correlation of firing rate arrays. The angle at which highest correlation was observed was taken as the amount of rotation of preferred firing direction of a HD cell or firing field of spatial cells (16) and circular statistical analysis was conducted to calculate the mean angle of rotation of the population (angle of the mean vector) and variance of the distribution around the mean (length of the mean vector). Figure 3 shows the amount of rotation of the HD cells and the spatial cells recorded from different regions of the SC from all the rats (Fig. 3 A) and with all the regions combined ( Fig.   3 B) . The angle of the mean vector did not deviate significantly from zero between STD sessions suggesting no change in the preferred firing direction or firing fields, while deviated significantly from zero to an angle equal to the amount of rotation of the global cues in MIS sessions. Further, the length of the mean vector in all comparisons suggested that the angles were significantly clustered around the mean angle, in both the HD cells and the spatial cells.
We observed no inter-regional differences in the pattern of representation when the responses from SUB, PrS and PaS regions were analysed separately (Fig. 3 A) and the representations in both the HD cells and the spatial cells of the SC were similar and highly coherent (Fig. 3 B) .
We further supplemented the above described categorical analysis by measuring the population responses to conflicting cue conditions. As there was no difference between HD cells and spatial cells representation, all the cells were grouped together and population responses were measured by creating 2D spatial correlation matrices from population firing rate vectors at each location on the track and then reduced to 1D polar plots for quantification (Fig. 4) . In STD vs STD correlation matrices, the band of high correlation was observed on the central diagonal indicating no shift in firing direction/fields, while in STD vs MIS correlation matrices, the band of high correlation shifted CW corresponding to the amount of rotation of the global cues similarly in SUB, PrS and PaS (Fig. 4 A-C) . The population response was stable across different STD sessions and rotated as an ensemble in global-local cue conflict conditions, suggesting a highly coherent network activity in the SC (Fig. 4 D) .
As we observed a highly coherent representation of the environment in the SC, much similar to an attractor-like network activity reported for the HD system, we analysed the data further to check for the possibility of coupling between the HD cells and the spatial cells in the SC by comparing the spatial offset between the co-recorded cell pairs across sessions on the circular track (18) . Spatial cross-correlation (SXC) values were calculated for each of the corecorded cell pairs (HD-HD, HD-Spatial) and session-wise SXC matrices were created by rank ordering the cell pairs based on their ascending peak correlation angle values in STD 1 session (Fig. 5 A and C) . We observed alignment of SXC peak values along the diagonal in all sessionwise SXC matrices (MIS 180°, STD 2, MIS 90° and STD 3) as the spatial offset between corecorded cell pairs was maintained in all the sessions, indicating a unified response by all the cell pairs across sessions. As expected, the mean direction of SXCs of HD-HD cell pairs (representing the spatial offset between co-recorded HD cells within a session) across sessions (STD vs. STD, STD vs. MIS) were significantly correlated (Fig. 5 B) indicating attractor-like activity in the HD cells of the SC. Interestingly, the mean direction of SXCs of even the HDSpatial cell pairs were also found to be significantly correlated (Fig. 5 D) , suggesting a strong coupling between the HD cells and the spatial cells in the SC. The same was observed even when all the HD-Spatial cell pairs from respective STD sessions were grouped together and compared with the cue mismatch sessions (Fig. 5 E-F) , indicating attractor dynamics in the SC network.
Discussion
As per the cognitive map theory of O'Keefe and Nadel, the hippocampus is proposed to form the locus of cognitive map of the environment (19) . The cognitive map by itself is a very complex process derived from integration of the inputs from different neural networks, involving sensory inputs, heading direction, path integration and behavioural contingencies of the animal (20) . Various studies have reported that the spatial representation in the hippocampal circuitry is heterogeneous and performs pattern completion or pattern separation functions, because of which it can distinguish environments and create distinct cognitive maps for each of the environments based on the behavioural context and episodic events (13-15, 17, 21, 22) . The SC receives dense projections from the hippocampal CA1 region (23) and SUB has been suggested to act as a major output structure of the hippocampal circuit because of its projections to various brain regions (24) . We observed highly coherent representation of the cue-conflict environment in the SC as compared to the hippocampal representations reported under the same experimental conditions (13) (14) (15) . Our findings clearly rule out the possibility of simple transfer of processed information from the hippocampus to other brain regions via the SC. The SC also receives topographically organized projections from the EC (24) and a dissociation in the representation has been reported for the EC, where the global reference frame controls the representation in the medial EC (MEC) and the local reference frame controls the representation in the lateral EC (LEC) (16) . It is unlikely that the SC may be reflecting only the MEC representations as the coherency of representations in the SC appears much stronger than the global or local cue controlled representations in the MEC or LEC respectively. Moreover, our observations of robust coupling between HD cells and Spatial cells of the SC shows compelling similarity with the attractor-like representation in the ADN HD network (10, 15, 18) .
It has been suggested that the ADN-HD system may drive the neural activity in dorsal part of the PrS, the postsubiculum (PoS) (25) and shows dependence on the PoS for landmark cue control (26) which is critical for path integration and navigation in familiar environments.
The PoS has strong reciprocal connections with the ADN (27, 28) and lesioning of the PoS leads to loss of visual landmark cue control over ADN HD cells (26) , suggesting an integration of the external visual information on to the incoming HD signal at the PoS region. Moreover, the PoS HD cells have also been shown to carry spatial information (29) , and developmental studies in rats have reported generation of an adult like HD signal in PoS and MEC neurons much prior to spatial information processing activity (30, 31) . Interestingly, the coherency of 
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Materials and Methods
Subjects and surgical procedures
Long-Evans rats (n = 5, male, 5-6 months old) were housed individually on reversed light-dark (12:12 h) cycle and the experiments were carried out during the dark phase of the cycle. All the procedures (animal care, surgical procedures and euthanasia) were performed in accordance with NIH guidelines and were approved by the Institutional Animal Ethics Committee (IAEC) of National Brain Research Centre at Manesar, Haryana, constituted by the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), Government of India. The surgical procedures were performed under aseptic conditions. Initially, the rats were anaesthetised using ketamine (60 mg/kg b.w.) and xylazine (8mg/kg b.w.) and then shifted to isoflurane gaseous anaesthesia for the entire duration of the surgery. A custom-built recording device (Microdrive) containing 20 independently movable tetrodes (18 tetrodes and 2 references, contained inside a single bundle or dual bundle) was surgically implanted over the right hemisphere in a way to simultaneously access different regions of the subicular complex (SC) at 5.5 -8.5 mm posterior to bregma and 2.5 -4.5 mm lateral to midline. Post-surgical care was provided upon surgical implantation of the microdrive, and the rats were allowed to recover over a period of 7 days. Following post-surgical recovery, the tetrodes were lowered into the brain targeting different regions of the SC and the rats were trained to run clockwise on a circular track. During training and subsequent experimental recordings, the rats were maintained at 85% of their free feeding weights.
Electrophysiology and recording
Tetrodes were made from 17 μm platinum-iridium wire (California Fine Wire, USA) and the tips of individual wires were electroplated with platinum black solution (Neuralynx Inc., USA) to 100-150 kΩ with 0.2 μA current. Electrophysiological recordings were carried out using 96-channel data acquisition system (Digital Lynx 10S, Neuralynx Inc., USA) by amplifying the signals through headstage preamplifier (Neuralynx Inc., USA). The units were recorded against a reference electrode present in a cell-free zone in the brain by filtering the signal between 600 Hz and 6 kHz. Spike waveforms above the threshold were sampled for 1 ms at 32 kHz. Local field potentials were recorded against a ground screw anchored to the skull above frontal cortex, filtered between 0.1 Hz and 1 kHz, and continuously sampled at 4 kHz. The position and the head direction of the animal was tracked with the red and green LEDs attached to the headstages, captured through ceiling mounted color CCD camera (CV-S3200, JAI Inc, San Jose, USA) at 25 Hz.
Behavior and recording procedures After 7 days post-surgical recovery, the tetrodes were slowly advanced targeting different regions of the SC over a period of 10-15 days, by keeping the rat on a pedestal next to the recording system. During this period, the rats were trained in the adjacent behavioral room to run clockwise seeking chocolate sprinkles placed at random locations on a centrally placed textured circular track (elevated 90 cm from floor level) for 30 min/day for 8-10 days. The circular track (56 cm inner diameter; 76 cm outer diameter) with four types of visually distinct textured surfaces, each covering a quarter on the track, served as local cues. Six salient cues (four visually distinct cues of different pattern and shape made of cardboard hung on curtain, two cardboard boxes of different size placed on floor at the periphery of curtain) at the surrounding black curtain reaching from ceiling to the floor, served as global cues. A ceiling mounted circular LED light at the centre of the room provided required illumination and a centrally placed white noise generator on the floor masked any external sounds during training and subsequent experimental sessions. Once tetrodes reached the region of interest and the animal was trained, the experimental recording sessions were carried out as described below in 5 rats, following the experimental protocol designed by Prof. James J. Knierim (13) .
Local-Global cue conflict experiment: Each day of recording consisted of five sessions, in which three standard sessions (STD) were interleaved with two mismatch sessions (MIS). In STD sessions, the configuration between the local cues and the global cues was maintained exactly same as that during the training sessions. Local -Global cue conflict was created in MIS sessions by rotating all the global cues clockwise (CW) and the textured circular track counter clockwise (CCW) by either 90° or 45° each to create a mismatch of 180° (MIS-180°) or 90° (MIS-90°) between the cues.
Experimental procedure: The rat was first placed inside a covered box for 30 seconds, and carried by the experimenter on a brief walk in the computer room and around the track inside the behavioral room to disrupt rat's sense of direction between the external environment and the behavioral room. A pedestal was placed in the centre of the textured track, the rat was transferred onto the pedestal, recording tethers with headstages was connected to the electrode interface board of the microdrive, the rat was released onto the track at random starting point and the pedestal was removed. Upon completion of 20 laps, the pedestal was returned to the centre of the track, the rat was placed on the pedestal to disconnect the tethers, transferred to the box and taken on a brief walk. This procedure was repeated for each of the experimental sessions. On completion of all the experimental sessions, the track was wiped clean with 70% ethanol to clear off any traces that could act as potential cues for next day of recording. In order to classify different types of the SC cells being recorded, each day after the last session on the track, a circular platform (76 cm diameter) was placed on top of the textured track and the neural activity was recorded for 10 min duration while the rat foraged in the arena.
Data analysis
The analysis of data was performed with custom-written software, MATLAB (R2013a) and circular statistics (Oriana, Kovach Computing Services, UK), as described below.
Isolation of single-units
Isolation of single-units was performed manually with custom-written spike-sorting software Winclust, developed by Prof. James Knierim, Johns Hopkins University, Baltimore, USA. Cells were isolated based on the peak amplitude and energy of the waveforms recorded on four wires of the tetrode. Based on their isolation quality (distance from the background and separation from other clusters), the units were rated on a scale ranging from 1 to 5 (1-very good; 2-good; 3-fair; 4-marginal; 5-poor) and the units rated 'fair' and above were used for further analysis.
Cell type identification
Different types of cells have been reported in the SC. The cells recorded were classified as Head direction cell, Border cell, Grid cell or Place cell based on their Rayleigh's mean vector length or Border score or Grid score values that were above the threshold values obtained through data shuffling. These scores were calculated from the recordings on a circular platform at the end of track session.
To calculate border score and grid score, spatial firing rate maps were created for all the cells recorded by binning the recording area into 64X48 bins (bin size approx. 2X2 cm). The number of spikes in each bin was divided by the amount of time spent in that bin to obtain a bin-wise firing rate matrix of individual cells, which was then smoothed using a Gaussian kernel of 5X5 bins with a sigma of 2. To calculate Rayleigh's mean vector length, head directional firing rate tuning curves were created for all the cells recorded by dividing the number of spikes fired when rat's head was facing a particular direction (bin size 5°) by the total amount of time spent facing that particular direction.
Border score: The MATLAB codes for calculating the border score was obtained through personal communications from Prof. Edward Moser's laboratory, and the border score was computed based on the formula as described in Solstad et. where, b is the border score computed for each cell, CM is the maximum coverage of any single field over any of the boundary of the environment, dm is the mean firing distance computed by averaging the distance from any of the fields to the nearest boundary over all pixels in the map, weighted by the firing rate. A cell was classified as border cell if its border score was more than the 99 th percentile of border score values (threshold value) obtained through data shuffling as described in Langston et. al., 2010 (31) (see below for the data shuffling procedure).
Grid score: Grid score was calculated by using the MATLAB codes available online (https://github.com/derdikman/Ismakov-et-al.-Matlab-code) (45). 2D autocorrelograms were generated from spatial firing rate maps of each cell by calculating Pearson's product moment correlation between the original rate map of a cell with its shifted version having spatial lags of τx and τy:
where λ (x, y) denotes the average rates of a cell at location (x,y), the autocorrelation between these fields with spatial lags of τ x and τ y was estimated. The summation is over all n pixels in λ (x, y) for which rate was estimated for both λ (x, y) and λ (x −τ x, y −τ y) (46).
Gridness of a cell was defined as the periodicity of the peaks in the spatial 2D-autocorrelogram. The autocorrelogram was correlated with its rotated version (excluding the central peak) for every angle centered around its central peak and Pearson's correlation value for 30°, 60°, 90°, 120° and 150° rotation was obtained. Grid cells have a repeated pattern of peaks to give high correlation values at 60° and 120° and lower correlation values at 30°, 90° and 150°. Gridness score is the difference between the minimum correlation value at 60° or 120° and maximum correlation value at 30° or 90° or 150° (47). A cell was defined as a grid cell if its grid score was more than the 99 th percentile of grid score value obtained by data shuffling (31) (see below for the data shuffling procedure).
Rayleigh's mean vector length: Rayleigh's mean vector length is the measure of directional modulation of firing rate of a cell across all head directions. The mean vector length for a cell with higher firing rates along narrow range of head directions is higher as compared to a cell with firing rates spread along all head directions. The Rayleigh's vector was calculated in MATLAB by following circular statistical analysis (48), where the mean firing rate in every angular bini was considered as a point on a unit circle with Xj and Yj coordinates, using the formula;
where, values in each angular bini constitutes one vector pointing to a particular direction. The sum of all the individual vectors divided by the total number of vector N giving the mean resultant vector ( ), whose absolute value is the Rayleigh vector (R):
A cell was classified as a Head direction cell if its Rayleigh's vector score value was more than the 99 th percentile of Rayleigh's vector score values obtained through data shuffling (see below for data shuffling procedure), provided its border/grid score value was less than those corresponding threshold values.
Data Shuffling: Data shuffling was performed to rule out the possibility of spuriously classifying the cells by chance to different types. Shuffling was performed separately for each cell where a cell's entire spike sequence recorded on the platform session was time shifted by a random interval between 20 th second and 20 seconds before termination of the session. Spikes exceeding the total time of the session were wrapped around to be assigned to the beginning of session to generate new spike time sequence for the cell. This procedure was repeated 100 times for each cell, and the Border score, Grid score and Rayleigh's mean vector length were calculated on these shuffled spike time series. 99 th percentile value of shuffled distribution of each score was taken as the threshold value for that cell type (31) .
Spatial information score:
The spatial information score was calculated for all those remaining cells that were not categorised as either a border cell, grid cell or head direction cell. The spatial information value indicates the amount of information about the rat's position, conveyed by the firing of a single spike from a cell (49), and was calculated as;
where x is spatial bin, λ(x) is the firing rate of the cell at location, λ is the mean firing rate and p(x) is the probability of occupancy at bin x. A cell was classified as a Place cell if its spatial information score was found to be significant (p < 0.05) in any of the track sessions recorded in a day.
Rotational correlation
In order to assess the change in preferred firing direction/location of the HD cells and Spatial cells (place, border and grid cells), we performed the rotational correlation analysis by following the methods described in Neunuebel et. al., 2013 (16) . To begin with, twodimensional circular track data was linearized using 5˚ binning to obtain one dimensional firing rate array (of 72 bins) for each cell. Directional tuning curve was calculated for head-direction cells by dividing total number of spikes fired when animal's head faced a particular direction by the total amount of time spent facing that particular direction on the circular track. In case of Spatial cells, one dimensional firing rate arrays were created by dividing the number of spikes fired when the animal was in a particular spatial bin by the total amount of time spent in that particular bin on the circular track. A speed filter of 1cm/sec was used for all Spatial cells to avoid accumulation of spikes fired by a cell when the animal was too slow or stationary on the circular track. To quantify the amount of rotation of cells between STD sessions or between STD and MIS sessions, we have measured the Pearson's product-moment correlation of linearized firing rate arrays of a cell between those two sessions. Then, the firing rate bins of the session being correlated was shifted by one bin (5° shift) to obtain shifted correlations, and this procedure was repeated for 71 times. The shift angle at which maximum correlation value was obtained, was considered as the amount of rotation of a cell between the two sessions being compared. We performed circular statistical tests (50) to calculate the angle of the mean vector and the length of the mean vector, using circular statistics software (Oriana, Kovach Computing Services, UK). The mean angle of rotation of the cells was represented by the angle of the vector, while the length of the vector was inversely proportional to the variance of the distribution around that mean. The angle of the mean vector for all CW rotations were between 0° to 180°, while the same for CCW rotations were between 0° to -180°.
Population coherence
To understand the SC network activity, the population responses were measured by
